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Description 

BACKGROUND OF THE INVENTION 

* » 

5 [0001] The present invention relates to an R-Fe-B-based rare earth permanent magnet, wherein R is one or more 
of rare earth elements including Y (yttrium), and a production method thereof. 

[0002] A rare earth permanent magnet, in particular, an R-Fe-B-based, sintered permanent magnet has been applied 
to a wide variety of fields due to a high performance thereof. 

[0003] The R-Fe-B-based, sintered permanent magnet has a metal structure basically composed of three phases 
10 of R 2 Fei 4 B phase (main phase), RFe 7 B 6 phase (B-rich phase) and R 8 5Fe 15 phase (R-rich phase). Generally, the R-Fe- 
B-based, sintered permanent magnet is inferior to an Sm-Co-based, sintered permanent magnet in corrosion resistance 
because of the presence of a rare earth element-rich phase and the three-phase metal structure. The poor corrosion 
resistance has been one of the drawbacks of the known R-Fe-B-based, sintered permanent magnet from the time of 
development to now. 

15 [0004] Although the corrosion mechanism of the R-Fe-B-based, sintered permanent magnet has not been estab- 
lished, some report says that the corrosion proceeds with anodization of R-rich phase because the corrosion generally 
starts from R-rich phase. In fact, the amount of R-rich phase is reduced with decreasing content of rare earth element, 
and as a result thereof, the corrosion resistance of the R-Fe-B-based, sintered permanent magnet is improved. There- 
fore, one method for improving the corrosion resistance is to reduce the content of rare earth element. 

20 [0005] A sintered rare earth magnet may be typically produced by a powder metallurgical method, for example, by 
melting and casting alloy metals for the magnet to form an alloy ingot, pulverizing the ingot to alloy powder, compacting 
the alloy powder to form a green body, sintering the compact body, heat-treating the sintered body and then working 
it. Since the alloy powder obtained by pulverizing an ingot has a high chemical activity because of a high content of 
rare earth element, the rare earth element is oxidized upon exposure to the atmosphere to result in increased oxygen 

25 content in the alloy powder. Therefore, a part of rare earth element is consumed to form a rare earth oxide to give a 
sintered body having a reduced content of magnetic rare earth element which contributes to magnetic properties of 
the sintered magnet. To compensate for the consumption of rare earth element and attain a practically sufficient level 
of magnetic properties, for example, a coercive force (iHc) of 1 034.8 kA/m (1 3 kOe) or higher, the content of rare earth 
element in the R-Fe-B-based, sintered permanent magnet is necessary to be increased. Practically, the rare earth 

30 element is added in an amount exceeding 31 weight %. 

[0006] As mentioned above, the addition amount of the rare earth element should be decreased in view of improving 
the corrosion resistance, while be increased in view of attaining practically sufficient magnetic properties. Due to this 
antinomic requirement, a rare earth permanent magnet simultaneously having both sufficient corrosion resistance and 
sufficient magnetic properties has not been obtained. 

35 

OBJECT AND SUMMARY OF THE INVENTION 

[0007] Accordingly, an object of the present invention is to provide a R-Fe-B-based, sintered permanent magnet 
having a remarkably improved corrosion resistance and excellent magnetic properties. 
40 [0008] As a result of the intense research in view of the above object, the inventors have found that a rare earth 
permanent magnet excellent in both the corrosion resistance and magnetic properties can be obtained by regulating 
the content of each of the rare earth element, oxygen, carbon and nitrogen within a respective specific range. The 
present invention has been accomplished based on this finding. 

[0009] Thus, in a first aspect of the present invention, there is provided a rare earth permanent magnet consisting 
45 essentially, by weight, of 27.0-31 .0 % of at least one rare earth element including Y, 0.5-2.0 % of B, 0.02-0.15 % of N, 
0.25 % or less of O, 0.15 % or less of C, at least one optional element selected from the group consisting of 0.1-2.0 
% of Nb, 0.02-2.0 % of Al, 0.3-5.0 % of Co, 0.01-0.5 % of Ga and 0.01-1 .0 % of Cu, and a balance of Fe. 
[0010] A second aspect of the present invention, there is provided a method for producing such rare earth permanent 
magnet, which comprises the steps of (a) finely pulverizing in a mill a coarse powder of said R-Fe-B-based alloy, except 
so for the N, O and C contents, in nitrogen gas atmosphere containing substantially 0 % of oxygen or in argon gas at- 
mosphere containing substantially 0 % of oxygen and 0.0001-0.1 volume-% of nitrogen under a pressure of 49-98.1 
N/cm 2 (5-10 kgf/cm 2 ) while feeding the coarse powder into the mill at a feeding rate of 3-20 kg/h; (b) recovering the 
fine powder into a solvent in nitrogen gas atmosphere or argon gas atmosphere in the form of a slurry; (c) wet-com- 
pacting the slurry to form a green body while applying magnetic field; (d) heat-treating the green body in a vacuum 
55 furnace to remove the solvent therefrom; and (e) sintering the heat-treated green body in the vacuum furnace. 

[0011] A third aspect of the present invention, there is provided a method for producing such rare earth permanent 
magnet, comprising the steps of (a) strip-casting a melt of said R-Fe-B-based alloy, except for the N, O and C contents 
into an alloy strip having 1 mm thickness or less; (b) heat-treating the alloy strip at 800-1 1 00 °C in an inert gas atmos- 
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phere or in vacuo; (c) pulverizing the heat-treated alloy strip into a coarse powder; (d) pulverizing the coarse powder 
into a fine powder in a nitrogen containing atmosphere; (e) recovering the fine powder into a solvent in an inert gas 
atmosphere in the form of a slurry; (f) wet-compacting the slurry tojorm a green body while applying magnetic field; 
(g) heat-treating the green body in a vacuum furnace to remove the solvent therefrom; and (h) sintering the heat-treated 

5 green body in the vacuum furnace. 

[0012] A fourth aspect of the present invention, there is provided a method for producing such rare earth permanent 
magnet, comprising the steps of (a) mixing a coarse powder of a first alloy mainly composed of R 2 Fe 14 B phase, wherein 
R is at least one rare earth element including yttrium, and a coarse powder of a second alloy in a weight ratio of 70-99: 
1 -30, the first alloy having a chemical composition, by weight, of 26.7-31 % of R, 0.9-2.0 % of B, 0.1-3.0 % of M wherein 

10 . M is at least one of Ga, Al and Cu and balance Fe, and the second alloy having a chemical composition, by weight, of 
35-70 % of R, 5-50 % of Co, 0.1-3.0 % of.M and balance of Fe; (b) pulverizing the mixture of the coarse powders into 
a fine powder in a nitrogen containing atmosphere; (c) recovering the fine powder into a solvent in an inert gas atmos- 
phere in the form of a slurry; (d) wet-compacting the slurry to form a green body while applying magnetic field; and (e) 
sintering the heat-treated green body in the vacuum furnace. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0013] 

20 Fig. 1 is a microphotograph showing the metal structure of a rare earth permanent magnet having a main phase 
in which the total area of crystal grains having a grain size of 10 |xm or less is 96 % and the total area of crystal 
grains having a grain size of 1 3 urn or more is 1 %, each based on the total area of crystal grains in said main phase; 
Fig. 2 is a microphotograph showing the metal structure of another rare earth permanent magnet having a main 
phase in which the total area of crystal grains having a grain size of 10 u.m or less is 64 % and the total area of 

25 crystal grains having a grain size of 13 urn or more is 17 %, each based on the total area of crystal grains in said 
main phase; 

Fig. 3 is a scanning electron microphotograph showing the cross sectional view of the rare earth permanent magnet 
shown in Fig. 1 after the passage of 5000 hours in corrosion test; and 

Fig. 4 is a scanning electron microphotograph showing the cross sectional view of the rare earth permanent magnet 
30 shown in Fig. 2 after the passage of 2000 hours in corrosion test. 

DETAILED DESCRIPTION OF THE INVENTION 

[001 4] First, the content of each element in the rare earth permanent magnet of the present invention will be described 
35 below. 

[0015] The rare earth element referred to in the present invention is at least one element selected from the group 
consisting of lanthanides and yttrium. The content of the rare earth element is 27.0-31 .0 weight % based on the total 
weight of the rare earth permanent magnet. When the content exceeds 31 .0 weight %, the amount and the size of the 
R-rich phase in the sintered magnet become unfavorably larger to reduce the corrosion resistance. On the other hand, 

40 when the content is less than 27.0 weight %, a dense sintered magnet is not obtained because insufficient amount of 
the liquid phase, which is required for densification, during sintering operation. As a result thereof, the magnetic prop- 
erties, in particular the residual magnetic flux density (Br) and coercive force (iHc), are decreased. 
[0016] A preferred rare earth element may include Nd, Pr and Dy. Pr may be preferably contained in the rare earth 
permanent magnet in an amount of 0.1-10 weight %, and Dy in an amount of 0.5-15 weight %. Since Dy improves 

45 coercive force (iHc), it is further preferable for Dy to be contained in an amount of 0.8-1 0 weight %. 

[0017] The content of oxygen is 0.05-0,25 weight %, preferably 0.2 weight % or less based on the total weight of the 
rare earth permanent magnet. When the content is larger than 0.25 weight %, since a part of the rare earth element 
is converted to oxides to reduce the amount of the rare earth element which directly contributes to the magnetic prop- . 
erties of magnet, the coercive force (iHc) is lowered. Since an alloy ingot from which an alloy powder to be sintered is 

50 produced inevitably contains 0.04 weight % of oxygen, the oxygen content in the final sintered magnet is practically 
difficult to be reduced to a level lower than 0.05 weight %. 

[0018] The content of carbon is 0.01-0.15 weight %, 0.12 weight % or less, more preferably 0.10 weight % or less 
based on the total weight of the rare earth permanent magnet. When the content is higher than 0.15 weight %, since 
a part of the rare earth element is consumed to form carbides to reduce the amount of the rare earth element which 
55 directly contributes to the magnetic properties of magnet, the coercive force (iHc) is lowered. Since an alloy ingot from 
which an alloy powder to be sintered is produced inevitably contains 0.008 weight % of carbon, the carbon content in 
the final sintered magnet is practically difficult to be reduced to a level lower than 0.01 weight %. 
[0019] From the inventor's studies, it has been found that the content of nitrogen should be strictly controlled in 



3 



EP 0 753 867 B1 

addition to regulating the content of rare earth element within 27.0-31 .0 weight % to improve the corrosion resistance 
of the R-Fe-B-based, sintered permanent magnet. An excellent corrosion resistance and high magnetic properties can 
be simultaneously attained by controlling the nitrogen content to 0 ; 02-0.15 weight %, preferably 0.03-0.13 weight % 
based on the total weight of the R-Fe-B-based, sintered permanent magnet along with controlling the contents of the 

5 rare earth element, oxygen and carbon to the respective ranges mentioned above. The mechanism of improving the 
corrosion resistance by the presence of 0.02-0.15 weight % of nitrogen has not yet been well known. It has been 
confirmed that the nitrogen in the R-Fe-B-based, sintered permanent magnet is mainly present in R-rich phase in the 
form of rare earth nitride. Therefore, it is presumed that inhibition of anodization of R-rich phase by the rare earth 
nitrides is responsible for improving the corrosion resistance. A nitrogen content less than 0.02 weight % exhibits no 

10 appreciable improvement, probably due to lack of formation amount of the.rare earth nitrides. When the content is 0.02 
weight % or higher, the corrosion resistance is improved more effectively with increasing nitrogen content. However, 
when the content exceeds 0.1 5 weight %, the coercive force (iHc) abruptly falls. This is presumed to be due to reduction 
of the amount of rare earth element by the formation of rare earth nitrides. 

[0020] The rare earth permanent magnet of the present invention may further contain one or more of niobium (Nb), 

is aluminum (Al), cobalt (Co), gallium (Ga) and copper (Cu). 

[0021] Nb is converted to Nb borides during the sintering step, which prevent the anomalous growth of grains. The 
content of Nb is 0.1-2.0 weight %, preferably 0.2-1 .5 weight % based on the total weight of the R-Fe-B-based, sintered 
permanent magnet. A content less than 0.1 weight % is insufficient for effectively preventing the anomalous growth of 
grains, and a content exceeding 2.0 weight % is undesirable because the residual magnetic flux density (Br) decreases 

20 due to increased amount of Nb borides. 

[0022] Al is effective for increasing the coercive force (iHc), and may be contained in an amount of 0.02-2.0 weight 
%, preferably 0.04-1 .8 weight % based on the total weight of the R-Fe-B-based, sintered permanent magnet. A content 
of less than 0.02 weight % is not effective for improving the coercive force (iHc). When the content exceeds 2.0 weight 
%, the residual magnetic flux density (Br) abruptly falls. 

25 [0023] Co raises the Curie point, i.e., raises the temperature coefficient of saturation magnetization, and may be 
contained in an amount of 0.3-5.0 weight %, preferably 0.5-4.5 weight % based on the total weight of the R-Fe-B- 
based, sintered permanent magnet. A content less than 0.3 weight % is insufficient for raising the temperature coeffi- 
cient, and when the content exceeds 5.0 weight %, both the residual magnetic flux density (Br) and the coercive force 
(iHc) abruptly decrease. The corrosion resistance and heat stability of the rare earth permanent magnet are increased 

30 with increasing amount of Co, while the residual magnetic flux density (Br) and the coercive force (iHc) are decreased. 
Therefore, the content of Co is more preferably 2.5 weight % or less, particularly preferably 2.0 weight % or less when 
high magnetic properties are desired. Since, in the present invention, the corrosion resistance is improved also by the 
uniform and fine grain structure as will be described below, a sufficiently good corrosion resistance may be attained 
even when the content of Co is 2.5 weight % or less. 

35 [0024] Ga is effective for increasing the coercive force (iHc), and may be contained in an amount of 0.01-0.5 weight 
%, preferably 0.03-0.4 weight % based on the total weight of the R-Fe-B-based, sintered permanent magnet. A content 
of less than 0.01 weight % exhibits no improvement in coercive force (iHc). When the content exceeds 0.5 weight %, 
both the residual magnetic flux density (Br) and the coercive force (iHc) decrease. 

[0025] - Cu is also effective for increasing the coercive force (iHc), and may be contained in an amount of 0.01 -1 .0 
40 weight %, preferably 0.01-0.8 weight % based on the total weight of the R-Fe-B-based, sintered permanent magnet. 
A content of less than 0.01 weight % exhibits no improvement in coercive force (iHc). A content exceeding 1 .0 weight 
% exhibits no additional improvement. 

[0026] In the present invention, the corrosion resistance and magnetic properties of the rare earth permanent magnet 
has been improved by regulating the contents of the rare earth elements, oxygen, carbon and nitrogen within the 

45 respective specific ranges. In addition, the corrosion resistance has been further improved by rendering the metal 
structure of rare earth permanent magnet uniformly fine. The "uniformly fine metal structure" referred to herein means 
a metal structure having a main phase in which the total area of crystal grains of a grain size of 1 0 u.m or less is 80 % 
or more and the total area of crystal grains of a grain size of 13 u,m or more is 10 % or less, each based on the total 
area of crystal grains in said main phase. 

so [0027] Fig. 1 is a microphotograph showing the metal structure of a rare earth permanent magnet having a main 
phase in which the total area of crystal grains of a grain size of 1 0 u.m or less is 96 % and the total area of crystal grains 
of a grain size of 13 \im or more is 1 %, each based on the total area of crystal grains in the main phase. Fig. 2 is a 
microphotograph showing the metal structure of a rare earth permanent magnet having a main phase in which the total 
area of crystal grains of a grain size of 10 ^im or less is 64 % and the total area of crystal grains of a grain size of 13 

55 or more is 1 7 %, each based on the total area of crystal grains in the main phase. Both the rare earth permanent 
magnets have the same alloying composition of 27.5 weight % of Nd, 0.5 weight % of Pr, 1 .5 weight % of Dy, 1 . 1 weight 
% of B, 0.1 weight % of Al, 2.0 weight % of Co, 0.08 weight % of Ga, 0.16 weight % of O, 0.06 weight % of C, 0.040 
weight % of N, and a balance of Fe. 
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[0028] The above area ratios were obtained by image-processing respective image (about x 1 000) of metal structure 
under a microscope (VANOX, trade name, manufactured by Olympus Optical Company Limited) by using an image- 
processing apparatus (LUZEX li, trade name, manufactured by Nireco, Ltd.). 

[0029] To evaluate the corrosion resistance of the rare earth permanent magnets of Figs. 1 and 2, the surface of 

5 each test sample (8 mm x 8 mm x 2 mm) was plated with Ni to about 20 urn thick. The Ni-plated test samples were 
allowed to stand in air under the condition of 2 atm., 120°C and 100% relative humidity to observe the degree of 
exfoliation of the Ni-plating that occurred with the passage of time. In the rare earth permanent magnet having a uni- 
formly fine grain structure as shown in Fig. 1 , no abnormality or change was observed in the Ni-plating even after the 
passage of 2500 hours. On the other hand, in the rare earth permanent magnet having a coarser grain size as shown 

10 in Fig. 2, a significant exfoliation of the Ni-plating was observed after the passage of 2000 hours although no exfoliation 
after the passage of 1000 hours. Since the above corrosion test was conducted in accelerated manner, both the rare 
earth permanent magnets may be put into practical use without any problems in their corrosion resistance. However, 
the results of the above test clearly demonstrate that the corrosion resistance is further improved by the uniform and 
fine grain structure as defined above. 

15 [0030] Fig. 3 is a scanning electron microphotograph showing the cross sectional view of the rare earth permanent 
magnet shown in Fig. 1 after the passage of 5000 hours of the corrosion test. Fig. 4 is a scanning electron microphoto- 
graph showing the cross sectional view of the rare earth permanent magnet shown in Fig. 2 after the passage of 2000 
hours of the corrosion test. In Fig. 3, although a slight exfoliation of the Ni-plating from the substrate (permanent magnet) 
occurs partially, the bonding between the Ni-plating and the substrate is good in view of practical use. Further, it can 

20 be seen that the metal structure of the rare earth permanent magnet is scarcely fractured by the corrosion test. In Fig. 
4 having a coarse grain structure, it can be seen that a large exfoliation of the Ni-plating occurs due to the intergranular 
fracture in the metal structure of the substrate. From the results above, it has been found that the intergranular fracture 
by the accelerated corrosion test largely depends on the size of the grains in the main phase of permanent magnet. 
[0031] The intergranular fracture of coarse grain structure is presumed to occur as follows. In the main phase having 

25 a relatively coarse grain structure as shown in Fig. 2, the intergranular space, mainly a grain boundary triple point, is 
occupied with an increased amount of the Nd-rich phase which is extremely susceptible to be oxidized. The factor 
responsible for corrosion fracture, for example, moisture in the above accelerated corrosion test, penetrates into the 
magnet intergranularly to cause the oxidation of the Nd-rich phase. Such oxidation of the Nd-rich phase may be con- 
sidered to cause the chain intergranular fracture. 

30 [0032] As described above, the corrosion resistance of the R-Fe-B-based, sintered permanent magnet can be further 
improved by the uniform and fine grain structure of the main phase defined as a main phase in which the total area of 
crystal grains of a grain size of 10 \im or less is 80 % or more and the total area of crystal grains of a grain size of 13 
\irx\ or more is 1 0 % or less, each based on the total area of crystal grains in said main phase. 
[0033] The R-Fe-B-based, sintered permanent magnet of the present invention may be produced by the method 

35 described below. 

[0034] Although the R-Fe-B-based starting coarse powder may be obtained by pulverizing an alloy ingot, a coarse 
powder obtained by pulverizing an alloy strip produced by a strip-casting method is preferable. The "strip-casting meth- 
od" referred to in the present invention is a production method of alloy strip by injecting an alloy melt onto the surface 
of a cooling roll, etc. to quench the melt alloy, thereby forming alloy strip on the surface. It is important for obtaining a 
40 rare earth permanent magnet having a fine and uniform metal structure to sinter a fine powder having a uniform metal 
structure and a narrow particle size distribution. To obtain such a fine powder having an average particle size of 1-8 
jim, preferably 3-5 u.m, it is preferred to heat-treat an alloy ingot or an alloy strip, coarsely pulverize the heat-treated 
alloy ingot or alloy strip to coarse powder, and then finely pulverize the coarse powder in a nitrogen containing atsmos- 
phere. 

45 [0035] Since an R-Fe-B-based alloy ingot usually includes in the alloy structure a precipitated a-Fe phase, the alloy 
ingot should be subjected to solution heat-treatment, prior to being pulverized, at 1000-1200°C for 1-10 hours in an 
inert gas atmosphere or in vacuo to dissipate the a-Fe phase. 

[0036] An alloy strip produced by rapidly quenching an alloy melt on a cooling surface in accordance with the strip- 
casting method has a fine metal structure. However, a fine powder having a narrow particle size distribution is not 

so obtained by simply pulverizing the alloy strip due to the hard surface of the alloy strip which is formed during the strip- 
casting by rapid quenching of molten metal on a cooling roll. The inventors have found that the alloy strip can be 
pulverized to a fine powder having a narrow particle size distribution when subjected to heat treatment at 800-1 1 00°C, 
preferably 950-1 050°C for 10 minutes to 1 0 hours in an inert gas atmosphere or in vacuum prior to being pulverized. 
[0037] Although a mechanical pulverization may be employed in the present invention, the coarse pulverization is 

55 preferred to be carried out by spontaneously degrading the heat-treated alloy ingot or alloy strip by hydrogen occlusion 
thereinto, and dehydrogenating. The hydrogen occlusion is carried out by keeping the alloy strips in a furnace filled 
with hydrogen gas under a pressure of 1 0 5 Pa (1 atm.) or less at normal temperature until the alloy strips are sufficiently 
degraded. The occluded hydrogen embrittles the R-rich phase of the alloy strip to make the alloy strip easily degraded 
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to a coarse powder of a narrow particle size distribution. Then, the furnace is evacuated and heated to 150-550 °C, 
and the degraded strips are held there for 30 minutes to 10 hours to complete the dehydrogenation. After the coarse 
pulverization by hydrogen-occlusion, the coarse powder rpay be further coarsely pulverized mechanically in the known 
manner. The coarse powder thus obtained preferably has a particle size of 0.495 mm (32 mesh) or less. 

5 [0038] The starting coarse powder is obtained as described above. Further, the starting coarse powder may be a 
mixture of a coarse powder of first alloy and a coarse powder of second alloy, both the coarse powder being produced 
by heat-treating an alloy strip obtained by a strip-casting method and coarsely pulverizing the heat-treated alloy strip 
by hydrogen-occlusion as described above. The first alloy is mainly composed of R 2 Fe 14 B phase (main phase) and 
has an alloy composition of 26.7-31 weight % of R, wherein R is one or more rare earth elements including Y, 0.9-2.0 

io weight % of B, 0.1-3.0 weight % of M, wherein M is one or more elements of Ga, Al and Cu, and balance of Fe. The 
second alloy has an alloy composition of 35-70 weight % of R, 5-50 weight % of Co, 0.1 -3.0 weight % of M, and balance 
of Fe. The mixing ratio of the coarse powder of first alloy and the coarse powder of second alloy is 70-99:1-30 by 
weight. Also, these coarse powders should be mixed so that the final sintered permanent magnet has the alloy com- 
position, by weight, of 27.0-31 .0 % of at least one rare earth element including Y, 0.5-2.0 % of B, 0.02-0.15 % of N, 

15 0.05-0.25 % of O, 0.01-0.15 % of C, 0.3-5.0 % of Co, at least one optional element selected from the group consisting 
of 0.02-2.0 % of Al, 0.01-0.5 % of Ga and 0.01-1 .0 % of Cu, and balance of Fe. 

[0039] Next, the R-Fe-B-based coarse starting powder thus obtained is finely pulverized while adjusting the nitrogen 
content so that the nitrogen content in the final rare earth permanent magnet falls within the specific range of the 
present invention. For example, after introducing the R-Fe-B-based coarse starting powder into a pulverizer such as 

20 a jet mill, etc., the inner atmosphere is substituted with nitrogen gas to minimize the oxygen content in the nitrogen 
gas atmosphere to a level as low as substantially 0 %. In this nitrogen gas atmosphere, the coarse powder is finely 
pulverized while feeding the coarse powder at a feeding rate of 3-20 kg/h under a nitrogen gas pressure of 49-98.1 N/ 
cm 2 (5-10 kgf/cm 2 ). The content of nitrogen in the starting powder is suitably adjusted by changing the introduced 
amount and the feeding rate so as to ensure the specific nitrogen content range of the present invention. Since the 

25 amount of nitrogen incorporated into the starting powder depends also on the type, size, etc., of a pulverizer, the 
introduced amount and the feeding rate are preferred to be tentatively determined prior to actual operation. 
[0040] Alternatively, the nitrogen content in the starting powder may be suitably adjusted by introducing an amount 
of the R-Fe-B-based coarse powder into a pulverizer, replacing the inner atmosphere of the pulverizer with argon (Ar) 
gas to minimize the oxygen content in the Ar gas atmosphere to a level as low as substantially 0 %, introducing nitrogen 

30 gas into the Ar gas atmosphere in such an amount that the N 2 content in the Ar gas atmosphere reaches, for example, 
0.0001-0.1 vol. %, and then finely pulverizing the coarse powder in this atmosphere. During the pulverization, the 
nitrogen combines mainly with the rare earth element in the coarse powder to give a fine powder containing nitrogen 
in the predetermined amount. 

[0041] In the present invention, the "substantially 0 %" of the oxygen content means that the oxygen content by 
35 volume in the inner atmosphere of the pulverizer is preferably 0.01 % or less, more preferably 0.005 % or less, partic- 
ularly preferably 0.002 % or less. 

[0042] The finely pulverized powder is recovered directly into a solvent in an inert gas atmosphere. The solvent may 
be selected from mineral oils, vegetable oils and synthetic oils, each having a flash point of 70°C or higher and less 
than 200°C at 1 0 5 Pa (1 atm.), a fractionating point of 400 °C or less and a kinematic viscosity of 10 mm 2 /s (10 cSt) 

40 or less at ordinary temperature. A slurry of the fine powder thus obtained is then wet-compacted in magnetic field to 
form a green body, preferably by a compression molding. The conditions for compression molding may be suitably 
selected depending on the practical operation parameter. Preferably, the compression molding is carried out under a 
molding pressure of 0.3-4.0 ton/cm 2 while applying an orientation magnetic field of 567.2 kA/m (7 kOe) or more, more 
preferably 796 kA/m (10 kOe) or more. 

45 [0043] Then, the green body is heated to 100-300 °C in a vacuum furnace under a vacuum degree of 13.33-0.133 
Pa (1 0 -1 -1 0' 3 Torr) for a period sufficient for the full removal of the solvent in the green body to regulate the final carbon 
content within the range of 0.1 5 weight-% or less based on the total weight of the rare earth permanent magnet. Next, 
the temperature of the vacuum furnace is raised to 1000-1200 °C and the green body is sintered at this temperature 
range for 30 minutes to 5 hours under a vacuum degree of 0.133-0.133 • 10* 3 Pa (10- 3 -10' 6 Torr). 

50 [0044] The sintered product thus obtained may be further subjected to annealing treatment, preferably tow-stage 
heat treatment by heated at 800-1000 °C for 1-3 hours and at 400-650 °C for 30 minutes to 3 hours in an inert gas 
atmosphere. Finally, the sintered product is machined, if necessary, to obtain a rare earth permanent magnet of the 
present invention. 

[0045] The present invention will be further described while referring to the following Examples which should be 
55 considered to illustrate various preferred embodiments of the present invention. 
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Example 1 

[0046] A starting coarse powder of 0.495 mm (32 mesrj) or less was prepared by pulverizing an alloy ingot having 
a chemical composition, by weight, of 24.0% of Nd, 3.0% of Pr, 2.0% of Dy, 1.1% of B, 1 .3% of Nb, 1 .0% of Al, 3.3% 
5 of Co, 0.1% of Ga, 0.01 % of 0, 0.005% of C, 0.007% of N and balance of Fe. The starting coarse powder thus prepared 
had a composition, by weight, of 23.9% of Nd, 2.9% of Pr, 2.0% of Dy, 1 .1% of B, 1 .2% of Nb, 1 .0% of Al, 3.3% of Co, 
0.1% of Ga, 0.14% of O, 0.02% of C, 0.007% of N and balance of Fe. 

[0047] After 50 kg of the starting coarse powder was introduced Into a jet mill, the inner atmosphere of the jet mill 
was replaced with Ar gas while controlling the oxygen content in the Ar gas atmosphere to substantially zero %. The 
10 nitrogen content in the Ar gas atmosphere was adjusted to 0.003 vol. % by introducing N 2 gas into the Ar gas atmos- 
phere. Then, the coarse powder was finely pulverized under a pressure of 73.545 N/cm 2 (7.5 kgf/cm 2 ) while feeding 
the coarse powder into the jet mill at a rate of 8 kg/h. 

[0048] After completion of fine pulverization, the fine powder was recovered from the jet mill directly into a mineral 
oil (Idemitsu Super Sol PA-30, trade name, manufactured by Idemitsu Kosan Co., Ltd.) in the Ar gas atmosphere. The 
is recovered fine powder was made into a slurry having a solid content of 75 weight % by adjusting the amount of the 
mineral oil. The average particle size of the fine powder was 4.7 p.m. 

[0049] The slurry was then subjected to wet-compacting in a mold cavity while applying an orientation magnetic field 
of 1 1 1 4.4 kA/m (1 4 kOe) and a molding pressure of 1 .0 ton/cm 2 . The orientation magnetic field and the molding pressure 
were applied in the directions perpendicular to each other to form a green body. During the wet-compacting, a portion 
20 of mineral oil was discharged from a plurality of holes of the upper punch equipped with the mold cavity through a cloth 
filter of 1 mm thick. 

[0050] The green body thus formed was heated in a vacuum furnace at 200 °C for one hour under a vacuum degree 
of 4 Pa (3.0 x 1 0" 2 Torr) to remove the residual mineral oil. Then the temperature of the vacuum furnace was raised at 
a rate of 15°C/min to 1070°C under a vacuum degree of 0.0533 Pa (4.0 x 10' 4 Torr). The temperature was maintained 

25 at 1070 °C for 3 hours to complete the sintering of the green body, thereby obtaining a rare earth permanent magnet. 
[0051] The rare earth permanent magnet was found to have a composition as shown in Table 1. The rare earth 
permanent magnet was further subjected to heat-treatment at 900°C for 2 hours and at 530°C for 1 hour, each in Ar 
gas atmosphere. Upon measuring the magnetic properties (residual magnetic flux density: Br; coercive force: iHc; and 
maximum energy product: (BH)max) after machining, the rare earth permanent magnet was found to have good mag- 

30 netic properties as shown in Table 1 . 

[0052] To evaluate the corrosion resistance of the rare earth permanent magnet, the surface of a test sample of 8 
mm x 8 mm x 2 mm obtained by machining the rare earth permanent magnet was plated with Ni into 1 0 u,m thick. The 
Ni-plated test sample was allowed to stand in air under the conditions of 2 x 10 5 Pa (2 atm.), 120°C and 100% of 
relative humidity. The degree of exfoliation of the Ni-plating from the surface of the rare earth permanent magnet was 

35 observed. As shown in Table 1 , the rare earth permanent magnet exhibited a good corrosion resistance because no 
change was observed in the Ni-plating even after the passage of 1000 hours. 

Example 2 

40 [0053] The same starting coarse powder as used in Example 1 was finely pulverized in the same manner as in 
Example 1 except for adjusting the nitrogen content in the Ar gas atmosphere to 0.006 vol. % to obtain a slurry containing 
a fine powder having an average particle size of 4.8 u.m. The slurry was further subjected to the same procedure as 
in Example 1 to obtain a rare earth permanent magnet having a composition shown in Table 1 . 
[0054] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 

45 seen from Table 1 , the rare earth permanent magnet had good magnetic properties and no change in the Ni-plating 
was observed even after the passage of 1200 hours. 

Example 3 

so [0055] The same starting coarse powder as used in Example 1 was finely pulverized in the same manner as in 
Example 1 except for adjusting the nitrogen content in the Ar gas atmosphere to 0.01 5 vol. % to obtai n a slu rry contain ing 
a fine powder having an average particle size of 4.7 \im. The slurry was further subjected to the same procedure as 
in Example 1 to obtain a rare earth permanent magnet having a composition shown in Table 1 . 
[0056] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 

55 seen from Table 1 , the rare earth permanent magnet had good magnetic properties and no change in the Ni-plating 
was observed even after the passage of 1 500 hours. 
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Comparative Example 1 

[0057] The same starting coarse powder as used in Example 1^was finely pulverized in the same manner as in 
Example 1 except for adjusting the nitrogen content in the Ar gas atmosphere to 0.00005 vol. % to obtain a slurry 
5 containing a fine powder having an average particle size of 4.7 u.m. The slurry was further subjected to the same 
procedure as in Example 1 to obtain a rare earth permanent magnet having a composition shown in Table 1 . 
[0058] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 
seen from Table 1 , although the rare earth permanent magnet had good magnetic properties, the corrosion resistance 
was extremeiy poor because the Ni-plating began to exfoliate after the passage of 120 hours. 

10 

Comparative Example 2 

[0059] The same starting coarse powder as used in Example 1 was finely pulverized in the same manner as in 
Example 1 except for adjusting the nitrogen content in the Ar gas atmosphere to 0. 1 3 vol. % to obtain a slurry containing 

15 a fine powder having an average particle size of 4.6 urn. The slurry was further subjected to the same procedure as 
in Example 1 to obtain a rare earth permanent magnet having a composition shown in Table 1 . 
[0060] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 
seen from Table 1 , the rare earth permanent magnet showed a good corrosion resistance because no change in the 
Ni-plating was observed even after the passage of 1800 hours. However, the rare earth permanent magnet has poor 

20 magnetic properties, in particular, the coercive force (iHc) was too low to be put into practice. 

Comparative Example 3 

[0061] A starting coarse powder of 0.495 mm (32 mesh) or less was prepared by pulverizing an alloy ingot having 
25 an alloy composition, by weight, of 26.8% of Nd, 3.5% of Pr, 2.0% of Dy, 1 .1% of B, 1 .3% of Nb, 1 .0% of Al, 3.3% of 
Co, 0.1% of Ga, 0.01% of O, 0.005% of C, 0.007% of N and balance of Fe. The starting coarse powder thus prepared 
had a composition, by weight, of 26.7% of Nd, 3.5% of Pr, 2.0% of Dy, 1.1% of B, 1 .3% of Nb, 1 .0% of Al, 3.3% of Co, 
0.1% of Ga, 0.18% of O, 0.03% of C, 0.009% of N and balance of Fe. 

[0062] The starting coarse powder was finely pulverized in the same manner as in Example 1 to obtain a slurry 
30 containing a fine powder having an average particle size of 4.5 urn. A rare earth permanent magnet was produced 
. from the slurry in the same manner as in Example 1. The chemical composition of the rare earth permanent magnet 
is shown in Table 1 . 

[0063] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 
seen from Table 1 , although the rare earth permanent magnet was good in magnetic properties, extremely poor in the 
35 corrosion resistance because the Ni-plating began to exfoliate only in 24 hours. 

Comparative Example 4 

[0064] The same starting coarse powder as used in Example 1 was finely pulverized in the same manner as in 
40 Example 1 except for adjusting the oxygen content and nitrogen content in the Ar gas atmosphere to 0.05 vol. % and 
0.006 vol. %, respectively, to obtain a slurry containing a fine powder having an average particle size of 4.6 urn. The 
slurry was further subjected to the same procedure as in Example 1 to obtain a rare earth permanent magnet having 
a composition shown in Table 1 . 

[0065] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 
45 seen from Table 1 , the rare earth permanent magnet showed a good corrosion resistance because no change in the 
Ni-plating was observed even after the passage of 1200 hours. However, the rare earth permanent magnet has poor 
magnetic properties, in particular, the coercive force (iHc) was too low to be put into practice. 

Comparative Example 5 

50 

[0066] The same starting coarse powder as used in Example 1 was finely pulverized in the same manner as in 
Example 1 except for adjusting the nitrogen content in the Argas atmosphere to 0.007 vol. %to obtain a slurry containing 
a fine powder having an average particle size of 4.7 u.m. A green body was formed from the slurry in the same manner 
as in Example 1 . 

55 [0067] Without being subjected to heating for removing the mineral oil, the green body was heated from room tem- 
perature to 1070°C at a rate of 15°C/min and kept at 1070°C for 3 hours under a vacuum degree of 0.0667 Pa (5.0 x 
10' 4 Torr) to complete sintering. The sintered product was heat-treated in the same manner as in Example 1 to obtain 
a rare earth permanent magnet having a chemical composition shown in Table 1 . 
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[0068] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 
seen from Table 1 , the rare earth permanent magnet showed a good corrosion resistance because no change in the 
Ni-plating was observed even after the passage of 1200 fcours. However, the rare earth permanent magnet has poor 
magnetic properties, in particular, the coercive force (iHc) was too low to be put into practice. 

Comparative Example 6 

[0069] The same green body as obtained in Comparative Example 4 was sintered and heat-treated in the same 
manner as in Comparative Example 5 to obtain a rare earth permanent magnet having a chemical composition shown 
in Table 1 . 

[0070] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 1 . As 
seen from Table 1 , the rare earth permanent magnet showed a good corrosion resistance because no change in the 
Ni-plating was observed even after the passage of 1200 hours. However, the rare earth permanent magnet has poor 
magnetic properties, in particular, the coercive force (iHc) was too low to be put into practice. 



Table 1 (to be contd.) 



Chemical Composition of Magnet (weight %) 
No, Nd Pr Dy B Fe Nb Al Co Ga Cu N 



Examples 



1 


23.9 


2.9 


2.0 


1.1 • 


bal. 


1.2 


1.0 


3.3 


0.1 


- 0.03 


0.17 


0.06 


2 


23.9 


2.9 


2.0 


1.1 


bal. 


1.2 


1.0 


3.3 


0.1 


- 0.05 


0.16 


0.06 


3 


23.9 


2.9 


2.0 


1.1 


bal. 


1.2 


1.0 


3.3 


0.1 


- 0.12 


0.16 


0.06 



Comparative Examples 



1 


23.9 


2.9 


2.0 


1.1 


bal. 


1.2 


1.0 


3.3 


0.1 


- 0.01 


0.18 


0.06 


2 


23.9 


2.9 


2.0 


1.1 


bal. 


1.2 


1.0 


3.3 


0.1 


0.20 


0.18 


0.06 


3 


26.7 


3.5 


2.0 


1.1 


bal. 


1.3 


1.0 


3.3 


0.1 


- 0.04 


0.20 


0.07 


4 


23.9 


2.9 


2.0 


1.1 


bal. 


1.2 


1.0 


3.3 


0.1 


- 0.05 


0.30 


0.06 


5 


23.9 


2.9 


2.0 


1.1 


bal. 


1.2 


1.0 


3.3 


0.1 


- 0.06 


0.16 


0.18 


6 


23.9 


2.9 


2.0 


1.1 


bal. 


1.2 


1.0 


3.3 


0.1 


- 0.05 


0.29 


0.17 
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Table 1 £contd.) _ 
^ Magnetic Properties Cpgosion Essjsffllff 

No. Br(kG) iHcQcOer (BH)max (MGOe) 

Examples 



1 


13.7 


14.5 


*TJ. J 


Mn rhanop in Mi«nlafin<T affpr 1000 hr^ 

ItVJ CilaUi^C 111 111 ^IQUlll^ CULw 1 \J\J\J 111 


2 


13.7 


14.4 


45.5 


No change in Ni-plating after 1200 hrs. 


3 


13.7 


14.2 


45.5 


No change in Ni-plating after 1500 hrs. 


"omparative Examples 






1 


13.7 


14.6 


45.5 


Exfoliation of Ni-plating after 120 hrs. 


2 


13.7 


11.0 


44.8 


No change in Ni-plating after 1800 hrs. 


3 


13.0 


17.0 


40.5 


Exfoliation of Ni-plating after 24 hrs. 


4 


13.7 


10.5 


44.1 


No change in Ni-plating after 1200 hrs. 


5 


13.7 


10.8 


44.3 


No change in Ni-plating after 1200 hrs. 


6 


13.7 


7.5 


42.5 


No change in Ni-plating after 1200 hrs. 


10 kG 


= 1 T 


" 1 kOe 


= 79.6 kA/m 





25 

Example 4 

[0071] Alloy strips of 0.2-0.5 mm thick having a chemical composition, by weight, of 27.0% of Nd, 0.5% of Pr, 1 .5% 
of Dy, 1 .05% of B, 0.35% of Nb, 0.08% of A!, 2.5% of Co, 0.09% of Ga, 0.08% of Cu, 0.03% of O, 0.005% of C, 0.004% 
30 of N and balance of Fe were produced by a strip-casting method. After being heat-treated at 1 000°C for 2 hours in Ar 
gas atmosphere, the alloy strips were spontaneously degraded by hydrogen occlusion in a furnace at room temperature. 
Then, after evacuating the furnace, the de hydrogen ation was effected by heating the alloy strips to 550°C and keeping 
there for one hour. 

[0072] The degraded strips were mechanically pulverized in a nitrogen gas atmosphere to obtain a starting coarse 
35 powder of 0.495 mm (32 mesh) or less having a chemical composition, by weight, of 27.0% of Nd, 0.5% of Pr, 1 .5% 
of Dy, 1 .05% of B, 0.35% of Nb, 0.08% of Al, 2.5% of Co, 0.09% of Ga, 0.08% of Cu, 0.12% of O, 0.02 of C, 0.008% 
of N and balance of Fe. 

[0073] After 50 kg of the starting coarse powder was introduced into a jet mill, the inner atmosphere of the jet mill 
was replaced with N 2 gas while controlling the oxygen-content in the N 2 gas atmosphere to substantially zero % (0.001 
40 vol. % under an oxygen analyzer). Then, the coarse powder was finely pulverized under a pressure of 68.65 N/cm 2 
(7.0 kgf/cm 2 ) while feeding the coarse powder into the jet mill at a rate of 1 0 kg/h. 

[0074] After completion of fine pulverization, the fine powder was recovered from the jet mill directly into a mineral 
oil (Idemitsu Super Sol PA-30, trade name, manufactured by Idemitsu Kosan Co., Ltd.) under N 2 gas atmosphere. The 
recovered fine powder was made into a slurry having a solid content of 80 weight % by adjusting the amount of the 

45 mineral oil. The average particle size of the fine powder was 3.9 u.m. 

[0075] The slurry was then subjected to wet-compacting in a mold cavity while applying an orientation magnetic field 
of 955.2 kA/m (12 kOe) and a molding pressure of 0.8 ton/cm 2 . The orientation magnetic field and the molding pressure 
were applied in the directions perpendicular to each other to form a green body. During the wet-compacting, a portion 
of mineral oil was discharged from a plurality of holes of the upper punch equipped with the mold cavity through a cloth 

50 filter of 1 mm thick. 

[0076] The green body thus formed was heated in a vacuum furnace at 200 °C for one hour under a vacuum degree 
of 6.67 Pa (5.0 x 1 0" 2 Torr) to remove the residual mineral oil. Then the temperature of the vacuum furnace was raised 
at a rate of 1 5°C/min to 1 070°C under a vacuum degree of 0.0533 Pa (4.0x1 0 -4 Torr) . The temperature was maintained 
at 1070 °C for 3 hours to complete the sintering of the green body, thereby obtaining a rare earth permanent magnet 
55 having a chemical composition as shown in Table 2, 

[0077] The area ratios of grains in the main phase of the rare earth permanent magnet, i.e., the ratio of total area of 
crystal grains having a grain size of 10 u.m or less and the ratio of total area of crystal grains having a grain size of 13 
u.m or more both based on the total area of crystal grains in the main phase, obtained as mentioned above are also 
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shown in Table 2. 

[0078] The rare earth permanent magnet was further subjected to heat-treatment at 900°C for 2 hours and at 480°C 
for 1 hour, each in Ar gas atmosphere. Upon measuring Jhe magnetic properties after machining, the rare earth per- 
manent magnet was found to have good magnetic properties as shown in Table 2. 

5 [0079] The corrosion resistance of the rare earth permanent magnet was evaluated in the same manner as in Ex- 
ample 1 . As shown in Table 2, the rare earth permanent magnet exhibited a good corrosion resistance because no 
change was observed in the Ni-plating even after the passage of 2500 hours. As compared the results with those of 
Examples 8 and 9 described below, the rare earth permanent magnet obtained above showed excellent corrosion 
resistance. Therefore, it would be evident from the above comparison that the corrosion resistance can be further 

10 improved by the uniform and fine grain structure of the main phase, i.e., by regulating the ratio of grains having a grain 
size of 10 [im or less to 80% or more and the ratio of grains having a grain size of 13 ujti or more to 10% or less. 

Example 5 

15 [0080] Alloy strips of 0.2-0.4 mm thick having a chemical composition, by weight, of 22.3% of Nd, 2.0% of Pr, 5.5% 
of Dy, 1.0% of B, 0.5% of 1Mb, 0.2% of Al, 2.0% of Co, 0.09% of Ga, 0.1% of Cu, 0.02% of O, 0.005% of C, 0.003% of 
N and balance of Fe were produced by a strip-casting method. After being heat-treated at 1100°C for 2 hours in Ar 
gas atmosphere, the alloy strips were subjected to the same hydrogen-occlusion, dehydrogenation and mechanical 
pulverization as in Example 4 to obtain a starting coarse powder of 0.495 mm (32 mesh) or less having a chemical 

20 composition, by weight, of 22.3% of Nd, 2.0% of Pr, 5.5% of Dy, 1 .0% of B, 0.5% of Nb, 0.2% of Al, 2.0% of Co, 0.09% 
of Ga, 0.1% of Cu, 0.11% of O, 0.02% of C, 0.006% of N and balance of Fe. 

[0081] After 1 00 kg of the starting coarse powder was introduced into a jet mill, the inner atmosphere of the jet mill 
was replaced with N 2 gas while controlling the oxygen content in the N 2 gas atmosphere to substantially zero % (0.002 
vol. % under an oxygen analyzer). Then, the coarse powder was finely pulverized under a pressure of 78.45 N/cm 2 

25 (8.0 kgf/cm 2 ) while feeding the coarse powder into the jet mill at a rate of 1 2 kg/h. 

[0082] After completion of fine pulverization, the fine powder was recovered from the jet mill directly into a mineral 
oil (Idemitsu Super Sol PA-30, trade name, manufactured by Idemitsu Kosan Co., Ltd.) under N 2 gas atmosphere. The 
recovered fine powder was made into a slurry having a solid content of 77 weight % by adjusting the amount of the 
mineral oil. The average particle size of the fine powder was 3.8 u.m. 

30 [0083] The slurry was then subjected to wet-compacting in a mold cavity while applying an orientation magnetic field 
of 796 kA/m (1 0 kOe) and a molding pressure of 1 .5 ton/cm 2 . The orientation magnetic field and the molding pressure 
were applied in the directions perpendicular to each other to form a green body. During the wet-compacting, a portion 
of mineral oil was discharged from a plurality of holes of the upper punch equipped with the mold cavity through a cloth 
filter of 1 mm thick. 

35 [0084] The green body thus formed was heated in a vacuum furnace at 200 °C for 2 hours under a vacuum degree 
of 6.67 Pa (5.0 x 1 0' 2 Torr) to remove the residual mineral oil . Then, the temperature of the vacuum furnace was raised 
at a rate of 1 5 °C/min to 1 090 °C under a vacuum degree of 0.0667 Pa (5.0 x 1 0- 4 Torr). The temperature was maintained 
at 1090 °C for 3 hours to complete the sintering of the green body, thereby obtaining a rare earth permanent magnet 
having a chemical composition as shown in Table 2. 

40 [0085] The area ratios of grains in the main phase of the rare earth permanent magnet obtained in the same manner 
as in Example 4 are shown in Table 2. 

[0086] The rare earth permanent magnet was further subjected to heat-treatment at 900°C for 2 hours and at 460°C 
for 1 hour, each in Ar gas atmosphere. 

[0087] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 2. As 
is seen from Table 2, the rare earth permanent magnet had good magnetic properties and no change in the Ni-plating 
was observed even after the passage of 2500 hours. 

Example 6 

50 [0088] Alloy strips of 0.1-0.5 mm thick having a chemical composition, by weight, of 20.7% of Nd, 8.6% of Pr, 1 .2% 
of Dy, 1.05% of B, 0.08% of Al, 2.0% of Co, 0.09% of Ga, 0.1% of Cu, 0.03% of O, 0.006% of C, 0.004% of N and 
balance of Fe were produced by a strip-casting method. After being heat-treated at 900°C for 3 hours in Ar gas atmos- 
phere, the alloy strips were subjected to the same hydrogen-occlusion, dehydrogenation and mechanical pulverization 
as in Example 4 to obtain a starting coarse powder of 0.495 mm (32 mesh) or less having a chemical composition, by 

55 weight, of 20.7% of Nd, 8.6% of Pr. 1 .5% of Dy, 1 .05% of B, 0.08% of Al, 2.0% of Co, 0.09% of Ga, 0.1 % of Cu, 0.13% 
of O, 0.03% of C, 0.009% of N and balance of Fe. 

[0089] After 50 kg of the starting coarse powder was introduced into a jet mill, the inner atmosphere of the jet mill 
was replaced with Ar gas while controlling the oxygen content in the Ar gas atmosphere to substantially zero % (0.002 
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vol. % under an oxygen analyzer). The nitrogen content in the Ar gas atmosphere was adjusted to 0.005 vol. % by 
introducing N 2 gas into the Ar gas atmosphere. Then, the coarse powder was finely pulverized under a pressure of 
73.5 N/cm 2 (7.5 kgf/cm 2 ) while feeding the coarse powde/ into the jet mill at a rate of 8 kg/h. 
[0090] After completion of fine pulverization, the fine powder was recovered from the jet mill directly into a mineral 
5 oil (Idemitsu Super Sol PA-30, trade name, manufactured by Idemitsu Kosan Co., Ltd.) in the Ar gas atmosphere. The 
recovered fine powder was made into a slurry having a solid content of 75 weight % by adjusting the amount of the 
mineral oil. The average particle size of the fine powder was 4.0 u.m. 

[0091] The slurry was then subjected to wet-compacting in a mold cavity while applying an orientation magnetic field 
of 1 034.8 kA/m (1 3 kOe) and a molding pressure of 0.6 ton/cm 2 . The orientation magnetic field and the molding pressure 
10 were applied in the directions perpendicular to each other to form a green body. During the wet-compacting, a portion 
of mineral oil was discharged from a plurality of holes of the upper punch equipped with the mold cavity through a cloth 
filter of 1 mm thick. 

[0092] The green body thus formed was heated in a vacuum furnace at 1 80 °C for 4 hours under a vacuum degree 
of 8 Pa (6.0 x 1 0* 2 Torr) to remove the residual mineral oil. Then the temperature of the vacuum furnace was raised at 
is a rate of 15°C/min to 1070°C under a vacuum degree of 0.04 Pa (3.0 x 10* 4 Torr). The temperature was maintained 
at 1070°C for 2 hours to complete the sintering of the green body, thereby obtaining a rare earth permanent magnet 
having a chemical composition as shown in Table 2. 

[0093] The area ratios of grains in the main phase of the rare earth permanent magnet obtained in the same manner 
as in Example 4 are shown in Table 2. 
20 [0094] The rare earth permanent magnet was further subjected to heat-treatment at 900°C for 2 hours and at 51 0°C 
for 1 hour, each in Ar gas atmosphere. 

[0095] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 2. As 
seen from Table 2, the rare earth permanent magnet had good magnetic properties and no change in the Ni-plating 
was observed even after the passage of 2500 hours. 

25 

Example 7 

[0096] Alloy strips of 0.1-0.4 mm thick having a chemical composition, by weight, of 22.0% of Nd, 5.0% of Pr, 1 .5% 
of Dy, 1 .1% of B, 1 .0% of Al, 2.5% of Co, 0.02% of 0, 0.005% of C, 0.005% of N and balance of Fe were produced by 
30 a strip-casting method. After being heat-treated at 1000°C for 2 hours in Ar gas atmosphere, the alloy strips were 
coarsely pulverized mechanically in nitrogen gas atmosphere to obtain a starting coarse powder of 0.495 mm (32 
mesh) or less having a chemical composition, by weight, of 22.0% of Nd, 5.0% of Pr, 1 .5% of Dy, 1 .1% of B, 1.1% of 
Al, 2.5% of Co, 0.1% of O, 0.01% of C, 0.009% of N and balance of Fe. 

[0097] After 50 kg of the starting coarse powder was introduced into a jet mill, the inner atmosphere of the jet mill 
35 was replaced with N 2 gas while controlling the oxygen content in the N 2 gas atmosphere to substantially zero % (0.002 
vol. % under an oxygen analyzer). Then, the coarse powder was finely pulverized under a pressure of 68.65 N/cm 2 
(7.0 kgf/cm 2 ) while feeding the coarse powder into the jet mill at a rate of 1 0 kg/h. 

[0098] After completion of fine pulverization, the fine powder was recovered from the jet mill directly into a mineral 
oil (Idemitsu Super Sol PA-30, trade name, manufactured by Idemitsu Kosan Co., Ltd.) in N 2 gas atmosphere. The 
40 recovered fine powder was made into a slurry having a solid content of 78 weight % by adjusting the amount of the 
mineral oil. The average particle size of the fine powder was 4.2 um 

[0099] The slurry was then subjected to wet-compacting in a mold cavity while applying an orientation magnetic field 
of 87.6 kA/m (11 kOe) and a molding pressure of 0.5 ton/cm 2 . The orientation magnetic field and the molding pressure 
were applied in the directions perpendicular to each other to form a green body. During the wet-compacting, a portion 
45 of mineral oil was discharged from a plurality of holes of the upper punch equipped with the mold cavity through a cloth 
filter of 1 mm thick. 

[0100] The green body thus formed was heated in a vacuum furnace at 1 80 °C for 2 hours under a vacuum degree 
of 6.67 Pa (5.0 x 1 0 -2 Torr) to remove the residual mineral oil. Then the temperature of the vacuum furnace was raised 
at a rate of 1 5 °C/min to 1 080 °C under a vacuum degree of 0.0267 Pa (2.0x1 0' 4 Torr). The temperature was maintained 
50 at 1080 °C for 2 hours to complete the sintering of the green body, thereby obtaining a rare earth permanent magnet 
having a chemical composition as shown in Table 2. 

[0101] The area ratios of grains in the main phase of the rare earth permanent magnet obtained in the same manner 
as in Example 4 are shown in Table 2. 

[0102] The rare earth permanent magnet was further subjected to heat-treatment at 900°C for 2 hours and at 600°C 
55 for 1 hour, each in Ar gas atmosphere. 

[0103] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 2. As 
seen from Table 2, the rare earth permanent magnet had good magnetic properties and no change in the Ni-plating 
was observed even after the passage of 2000 hours. 
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Example 8 

[0104] The same alloy strips as obtained in Example 4, were subjected to the same coarse pulverization procedure 

as in Example 4 except for eliminating the heat treatment to obtain a starting coarse powder of 0.495 mm (32 mesh) 
5 or less having a chemical composition, by weight, of 27.0% of Nd, 0.5% of Pr, 1 .5% of Dy, 1 .05% of B, 0.35% of Nb, 

0.08% of Al, 2.5% of Co, 0.09% of Ga, 0.08% of Cu, 0.10% of O, 0.02% of C, 0.007% of N and balance of Fe. 

[0105] A slurry containing the fine powder of an average particle size of 4.4 \im was prepared in the same manner 

as in Example 4 except that the starting coarse powder was finely pulverized in the same manner as in Example 1 . 

The slurry was formed into a green body, sintered and heat-treated in the same manner as in Example 4 to produce 
10 a rare earth permanent magnet having a chemical composition as shown in Table 2. 

[01 06] The area ratios of grains in the main phase of the rare earth permanent magnet obtained in the same manner 

as in Example 4 are shown in Table 2. 

[0107] Further, the magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 
2. As seen from Table 2, the rare earth permanent magnet had magnetic properties (Br and iHc) slightly smaller than 
15 those of Example 4 and no change in the Ni-plating was observed even after the passage of 1200 hours. 

Example 9 

[0108] An alloy ingot having practically the same chemical composition (22.3% of Nd, 2.0% of Pr, 5.5% of Dy, 1 .0% 
20 of B, 0.5% of Nb, 0.2% of Al, 2.5% of Co, 0.09% of Ga, 0.1% of Cu, 0.01% of O, 0.004% of C, 0.002% of N and balance 
of Fe) as that of the alloy strips of Example 5 was produced. To dissipate the a-Fe phase precipitated in the alloy 
structure, the alloy ingot was subjected to solution heat-treatment at 1100°C for 6 hours in Ar gas atmosphere. The 
alloy ingot thus treated was then coarsely pulverized in the same manner as in Example 5 to obtain a starting coarse 
powder of 0.495 mm (32 mesh) or less having a chemical composition, by weight, of 22.3% of Nd, 2.0% of Pr, 5.5% 
25 of Dy, 1 .0% of B, 0.5% of Nb, 0.2% of Al, 2.5% of Co, 0.09% of Ga, 0.1% of Cu, 0.1 0% of O, 0.02% of C, 0.005% of 
N and balance of Fe. 

[0109] A slurry containing the fine powder of an average particle size of 4.7 u.m was prepared in the same manner 
as in Example 4 except that the starting coarse powder was finely pulverized in the same manner as in Example 5. 
The slurry was formed into a green body, sintered and heat-treated in the same manner as in Example 4 to produce 
30 a rare earth permanent magnet having a chemical composition as shown in Table 2. 

[0110] The area ratios of grains in the main phase of the rare earth permanent magnet obtained in the same manner 
as in Example 4 are shown in Table 2. 

[01 11] Further, the magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 
2. As seen from Table 2, the rare earth permanent magnet had magnetic properties nearly equal to those of Example 
35 5 and no change in the Ni-plating was observed even after the passage of 1000 hours. 

Comparative Example 7 

[0112] In the same manner as in Example 6 except that N 2 gas was not introduced into the Ar gas atmosphere, a 
40 rare earth permanent magnet having a chemical composition as shown in Table 2 was produced. The average particle 
size of the fine powder was 4.0 u.m. 

[0113] The area ratios of grains in the main phase of the rare earth permanent magnet obtained in the same manner 
as In Example 4 are shown in Table 2. 

[0114] Further, the magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 
45 2. As seen from Table 2, although the rare earth permanent magnet had magnetic properties nearly equal to those of 
Example 6, the corrosion resistance was extremely poor because the Ni-plating began to exfoliate only in 1 92 hours. 

Comparative Example 8 

50 [0115] Alloy strips of 0.2-0.5 mm thick having a chemical composition, by weight, of 30.0% of Nd, 0.5% of Pr, 1 .5% 
of Dy, 1 .05% of B, 0.8% of Nb, 0.2% of Al, 3.0% of Co, 0.08% of Ga, 0.1% of Cu, 0.02% of O, 0.005% of C, 0.005% 
of N and balance of Fe were produced by a strip-casting method. After being heat-treated at 950°C for 4 hours in Ar 
gas atmosphere, the alloy strips were subjected to the same hydrogen-occlusion, dehydrogenation and mechanical 
pulverization as in Example 4 to obtain a starting coarse powder of 0.495 mm (32 mesh) or less having a chemical 

55 composition, by weight, of 30.0% of Nd, 0.5% of Pr, 1 .5% of Dy, 1 .05% of B, 0.8% of Nb, 0.2% of Al, 3.0% of Co, 0.08% 
of Ga, 0.1% of Cu, 0.12% of O, 0.02% of C, 0.009% of N and balance of Fe. 

[0116] After 100 kg of the starting coarse powder was introduced into a jet mill, the inner atmosphere of the jet mill 
was replaced with N 2 gas while controlling the oxygen content in the N 2 gas atmosphere to substantially zero % (0.001 
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vol. % under an oxygen analyzer). Then, the coarse powder was finely pulverized under a pressure of 73.545 N/cm 2 
(7.5 kgf/cm 2 ) while feeding the coarse powder into the jet mill at a rate of 10 kg/h. 

[0117] After completion of fine pulverization, the fine ppwder was recovered from the jet mill directly into a mineral 
oil (Idemitsu Super Sol PA-30, trade name, manufactured by Idemitsu Kosan Co., Ltd.) in N 2 gas atmosphere. The 
s recovered fine powder was made into a slurry having a solid content of 70 weight % by adjusting the amount of the 
mineral oil. The average particle size of the fine powder was 4.1 um 

[0118] The slurry was then subjected to wet-compacting in a mold cavity while applying an orientation magnetic field 
of 1 1 1 4.4 kA/m (1 4 kOe) and a molding pressure of 0.8 ton/cm 2 . The orientation magnetic field and the molding pressure 
were applied in the directions perpendicular to each other to form a green body. During the wet-compacting, a portion 
10 of mineral oil was discharged from a plurality of holes of the upper punch equipped with the mold cavity through a cloth 
filter of 1 mm thick. 

[011 9] The green body thus formed was heated in a vacuum furnace at 1 80 °C for 2 hours under a vacuum degree 
of 6.67 (5.0 x 1 0" 2 Torr) to remove the residual mineral oil. Then the temperature of the vacuum furnace was raised at 
a rate of 15°C/min to 1080°C under a vacuum degree of 0.04 Pa (3.0 x 10' 4 Torr). The temperature was maintained 
15 at 1080 °C for 3 hours to complete the sintering of the green body, thereby obtaining a rare earth permanent magnet 
having a chemical composition as shown in Table 2. 

[0120] The area ratios of grains in the main phase of the rare earth permanent magnet obtained in the same manner 
as in Example 4 are shown in Table 2. 

[0121] The rare earth permanent magnet was further subjected to heat-treatment at 900°C for 2 hours and at 550°C 
20 for 1 hour, each in Ar gas atmosphere. 

[0122] The magnetic properties and the result of the same corrosion test as in Example 1 are shown in Table 2. As 
seen from Table 2, although the rare earth permanent magnet was good in magnetic properties, extremely poor in the 
corrosion resistance because the Ni-plating began to exfoliate only in 48 hours. 
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Table 2 (tabe contd) 



No. Nd 


Pr 


Dy 


B 


Fe 


Nb 


Al 


Co 


Ga 


Cu 


N 


0 


c 


Examples 


























4 27.0 


0.5 


1.5 


1.05 


bal. 


0.35 


0.08 


2.5 


0.09 


0.08 


0.05 


0.16 


0.07 


5 22.3 


2.0 


5.5 


1.00 


bal. 


0.50 


0.20 


2.0 


0.09 


0.10 


0.04 


0.14 


0.06 


6 20.7 


8.6 


1.2 


1.05 


bal. 




0.08 


2.0 


0.09 


0.10 


0.07 


0.18 


0.07 


7 22.0 


5.0 


1.5 


1.10 


bal. 




1.00 


2.5 






0.06 


0.17 


0.07 


8 27.0 


0.5 


1.5 


1.05 


bal. 


0.35 


0.08 


2.5 


0.09 


0.08 


0.04 


0.14 


0.06 


9 22.3 


2.0 


5.5 


1.0 


bal. 


0.50 


0.20 


2.0 


0.09 


0.10 


0.03 


0.12 


0.06 


Comparative Examples 






















7 20.7 


8.6 


1.2 


1.05 


bal. 




0.08 


2.0 


0.09 


0.10 


0.01 


0.18 


0.07 


8 30.0 


0.5 


1.5 


1.50 


bal. 




0.20 


3.0 


0.08 


0.10 


0.06 


0.15 


0.07 



Table 2 (contd) 



Magnetic Properties Area Ratio of Grains (%) 
(kG) (kOe) (MGOe) p 



Corrosion Resistance 



Examples 












4 13.8 


14.0 


45.9 


93 


4 


No change in Ni-plating after 2500 hrs. 


5 12.7 


23.0 


39.0 


95 


3 


No change in Ni-plating after 2500 hrs. 


6 13.6 


15.5 


45.0 


90 


5 


No change in Ni-plating after 2500 hrs. 


7 13.9 


13.6 


46.6 


88 


7 


No change in Ni-plating after 2000 hrs. 


8 13.6 


13.5 


44.6 


78 


12 


No change in Ni-plating after 1200 hrs. 












Slight exfoliation after 2000 hrs. 


9 12.7 


22.5 


38.8 


50 


44 


No change in Ni-plating after 1000 hrs. 



Partial exfoliation after 2000 hrs. 

Comparative Examples 

7 13.6 15.7 45.0 92 4 Exfoliation of Ni-plating after 192 hrs. 

8 13.2 16.5 42.1 92 4 Exfoliation of Ni-plating after 48 hrs. 



Example 10 

[0123] Alloy strips of 0.1-0.3 mm thick having a chemical composition (alloy A) shown in Table 3 were produced by 
a strip-casting method in which a mixture containing metal powders of Nd. Pr, B, Ga t Cu and Fe, the purity of each 
metal powder being 95% or higher, was melted by induction heating in Ar gas atmosphere, and the alloy melt was 
injected in Ar gas atmosphere onto the peripheral surface of a rotating cooling roll made of copper to form thereon an 
alloy strip. The alloy strips (alloy A) were heat-treated in a vacuum furnace at 1 000 °C for 4 hours under 6.67 Pa (5 x 
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10- 2 Torr). 

[0124] Separately, alloy B having a chemical composition shown in Table 3 was cast from the melt obtained by 
induction-heating in Ar gas atmosphere a mixture containing metal powders, each having a purity of 95% or higher, of 
Nd, Pr, Dy and Co. 

Table 3 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



Chemical Composition of Alloy 1 


Alloy 


Nd 


Pr 


Dy 


B 


Nb 


Co 


Ga 


Cu 


O 


' N 


C 


Fe 


A 


27.5 


0.45 




1.17 






0.09 


0.11 


0.010 


0.004 


0.005 


bal. 


B 


31.5 


0.50 


15 






20 






0.012 


0.006 


0.003 


bal. 



[0125] Each of the alloy A and alloy B was occluded with hydrogen in an evacuated furnace, heated to 500°C while 
evacuating the furnace, cooled to room temperature, and coarsely pulverized to obtain a coarse powder of 0.495 mm 
(32 mesh) or less. 

[01 26] A starting powder blend containing 90 weight % of alloy A and 1 0 weight % of alloy B was prepared by uniformly 
mixing the coarse powders of alloys A and B in a V-type blender. 

[0127] After the starting powder blend was introduced into a jet mill, the inner atmosphere of the jet mill was replaced 
with N 2 gas while controlling the oxygen content in the N 2 gas atmosphere to substantially zero % (0.001 vol. % under 
an oxygen analyzer). Then, the starting powder blend was finely pulverized under a pressure of 68.65 N/cm 2 (7.0 kgf/ 
cm 2 ) while feeding the powder blend into the jet mill at a rate of 1 0 kg/h. 

[0128] After completion of fine pulverization, the fine powder was recovered from the jet mill directly into a mineral 
oil (Idemitsu Super Sol PA-30, trade name, manufactured by Idemitsu Kosan Co., Ltd.) under N 2 gas atmosphere. The 
recovered fine powder was made into a slurry having a solid content of 78 weight % by adjusting the amount of the 
mineral oil. The average particle size of the fine powder was 4.5 u.m. 

[0129] The slurry was then subjected to wet-compacting in a mold cavity while applying an orientation magnetic field 
of 955.2 kA/m (12 kOe) and a molding pressure of 0.8 ton/cm 2 . The orientation magnetic field and the molding pressure 
were applied in the directions perpendicular to each other to form a green body. During the wet-compacting, a portion 
of mineral oil was discharged from a plurality of holes of the upper punch equipped with the mold cavity through a cloth 
filter of 1 mm thick. 

[0130] The green body thus formed was heated in a vacuum furnace at 200 °C for one hour under a vacuum degree 
of 6.67 Pa (5.0 x 1 0' 2 Torr) to remove the residual mineral oil. Then the temperature of the vacuum furnace was .raised 
at a rate of 1 5°C/min to 1 070°C under a vacuum degree of 0.00667 Pa (5 x 1 0" 5 Torr). The temperature was maintained 
at 1070 °C for 2 hours to complete the sintering of the green body. 

[0131] The sintered product was further subjected to heat-treatment at 900°C for 2 hours and at 500°C for 1 hour, 
each in Ar gas atmosphere to obtain a rare earth permanent magnet having a chemical composition as shown in Table 4. 
[0132] The magnetic properties after machining and the corrosion resistance evaluated in the same manner as in 
Example 1 are shown in Table 5. As seen from Table 5, the rare earth permanent magnet had good magnetic properties. 
From comparison of magnetic properties of Example 1 0 with those of Example 1 1 described below, it can be seen that 
the starting powder is preferred to be a powder blend of different alloys because the magnetic properties were further 
improved. Further, as seen from the result of corrosion test, the rare earth permanent magnet produced above showed 
a good corrosion resistance. 

Comparative Example 9 

[0133] The same powder blend (alloy A : alloy B = 90 : 10 by weight) as used in Example 10 was finely pulverized 
in the same manner as in Example 1 0 except that the fine powder was recovered from the jet mill into an empty container 
without using a solvent. In such a dry recovery, since the fine powder likely to ignite upon contacting with air when the 
oxygen content in the inner atmosphere of jet mill is too low, the fine pulverization was conducted while supplying 
oxygen gas to maintain the oxygen content in N 2 gas atmosphere to 0.1 vol. %. The average particle size of the dry 
fine powder thus prepared was 4.5 urn 

[0134] The dry fine powder was then subjected to dry-compacting in a mold cavity while applying an orientation 
magnetic field of 955.2 kA/m (12 kOe) and a molding pressure of 0.8 ton/cm 2 . The orientation magnetic field and the 
molding pressure were applied in the directions perpendicular to each other. 

[0135] The green body thus formed was sintered by kept at 1070°C for 2 hours under 0.00667 Pa (5.0 x 10* 5 Torr), 
and then subjected to two-stage heat treatment in the same manner as in Example 1 0 to produce a rare earth permanent 
magnet having a chemical composition as shown in Table 4. The chemical composition of the rare earth permanent 
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magnet thus produced was nearly equal to that of Example 1 0 except for the oxygen content (0.612%) and the carbon 
content (0.045%). 

[0136] As shown in Table 5, the rare earth permanent magnet was inferior in magnetic properties (Br, iHc and (BH) 
max) as compared with Example 10. The reason for such deterioration in magnetic properties may be regarded as 
follows. The fine powder was oxidized during the dry recovery, and as a result thereof, a liquid phase cannot be produced 
in a sufficient amount for sintering. The lack of the liquid phase during the sintering process causes a low density of 
sintered product, this failing to provide a sintered magnet with good magnetic properties. Thus, although a powder 
blend was used as the starting material, high magnetic properties were not attained because the fine powder was dry- 
recovered and dry-compacted. On the other hand, in Example 1 0, the fine powder prepared under an atmosphere of 
a low oxygen content was recovered in the form of slurry and wet-compacted to form a green body. Thus, it can be 
seen that a rare earth permanent magnet having high magnetic properties can be obtained by the method of the present 
invention which includes the wet-recovery of the fine powder and the wet-compacting of the slurry. 

Example 11 

[0137] A rare earth permanent magnet having nearly the same chemical composition as that of Example 10 was 
produced from a starting powder of single alloy as follows. 

[0138] A mixture of metal powders, each having a purity of 95% or higher, of Nd, Pr, Dy, B, Co, Ga, Cu and Fe were 
strip-cast under the same conditions as in Example 1 0 to prepare alloy strips having a chemical composition, by weight, 
of 27.9% of Nd, 0.46% of Pr, 1 .5% of Dy, 1 .05% of B, 2.0% of Co, 0.08% of Ga, 0.10% of Cu, 0.2% of O, 0.005% of 
C, 0.003% of N and balance of Fe. 

[0139] Following the same procedure as in Example 1 0, a rare earth permanent magnet having a chemical compo- 
sition as shown in Table 4 was produced. The chemical composition of the rare earth permanent magnet thus produced 
was nearly equal to that of Comparative Example 9 except for the oxygen content of 0.170% and the carbon content 
of 0.063%. 

[0140] As shown in Table 5, the rare earth permanent magnet was sufficiently good in both magnetic properties and 
corrosion resistance. 



Table 4 

Chemica] composition of Magnet fweight %) 

No. Nd Pr Dy B Nb Co Ga Cu O C N Fe 
Examples 

10 27.9 0.46 1.5 1.05 - 2.0 0.08 0.10 0.096 0.063 0.067 bal. 

11 27.9 0.46 1.5 1.05 - 2.0 0.08 0.10 0.170 0.063 0.065 bal. 
Comparative Example 

9 27.9 0.46 1.5 1.05 - 2.0 0.08 0.10 0.612 0.045 0.065 bal. 



TableS 

~ ~~ Production Method " Magnetic Properti es Density Corrosion Resistance 
No. Starting Compacting Br iHc (BH)max (g/cc) 

Material (kG) (kOe) (MGOe) 

Examples 
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10 blend wet 14.1 16.3 47.5 7.60 No change after 2500 hrs, 

11 single wet 13.9 15.0 "46.0 ' 7.58 No change after 2500 hrs. 
Comparative Example 

9 blend dry . 13.5 11.5 43.3 7.42 No change after 2500 hrs. 



Example 12 

[0141] In the same manner as in Example 1 0, a slurry containing a fine powder having an average particle size of 
4.1 urn was prepared from a starting powder blend consisting of 85 weight % of alloy C and 15 weight % of alloy D, 
each having a chemical composition shown In Table 6. 



Table 6 





Chemical Composition of Alloy 


Alloy 


Nd 


Pr 


Dy 


B 


Nb 


Co 


Ga 


Cu 


O 


N 


C 


Fe 


C 


27.0 


0.40 




1.18 






0.10 


0.12 


0.011 


0.004 


0.004 


bal. 


D 


5.5 


0.50 


40 






20 






0.013 


0.006 


0.003 


bal. 



[0142] The slurry was wet-compacted in the same as in Example 1 0 to form a green body. After heated in a vacuum 
furnace at 200°C for one hour under a vacuum degree of 6.67 Pa (5.0 x 10* 2 Torr) to remove the residual mineral oil, 
the green body was heated to 1 080°C at a rate of 1 5°C/min and sintered at 1 080°C for 2 hours under a vacuum degree 
of 0.00667 Pa (5.0 x 1 0' 5 Torr). The sintered product was further subjected to heat-treatment at 900°C for 2 hours and 
at480°Cfor 1 hour, each in Argas atmosphere to obtain a rare earth permanent magnet having a chemical composition 
as shown in Table 7. 

[0143] The magnetic properties after machining and the corrosion resistance evaluated in the same manner as in 
Example 1 are shown in Table 8. As seen from Table 8, the rare earth permanent magnet had good magnetic properties. 
From comparison of magnetic properties of Example 12 with those of Example 13 described below it can be seen that 
the starting powder is preferred to be a powder blend of different alloys because the magnetic properties were further 
improved. Further, as seen from the result of corrosion test, the rare earth permanent magnet produced above showed 
a good corrosion resistance. 

Comparative Example 10 

[01 44] The same powder blend as used in Example 1 2 was treated in the same manner as in Comparative Example 
9 to obtain a fine powder having an average particle size of 4.1 um The fine powder was dry-compacted and sintered 
in the same manner as in Comparative Example 9 except for sintered at 1 080°C. The sintered product was subjected 
to the same heat treatment as in Example 1 2 to produce a rare earth permanent magnet having a chemical composition 
shown in Table 7, which chemical composition was nearly equal to that of Example 12 except for the oxygen content 
and the carbon content. 

[0145] The magnetic properties after machining and the corrosion resistance evaluated in the same manner as in 
Example 1 are shown in Table 8. From the same reason as mentioned in Comparative Example 9, the rare earth 
permanent magnet was quite Inferior in magnetic properties (Br, iHc and (BH)max) as compared with Example 12. 

Example 13 

[0146] A rare earth permanent magnet having nearly the same chemical composition as that of Example 12 was 
produced from a starting powder of single alloy as follows. 

[0147] A mixture of metal powders, each having a purity of 95% or higher, of Nd, Pr, Dy, B, Co, Ga, Cu and Fe were 
strip-cast under the same conditions as in Example 1 2 to prepare alloy strips having a chemical composition, by weight, 
of 23.8% of Nd, 0.42% of Pr, 6.0% of Dy, 1 .00% of B, 3.0% of Co, 0.09% of Ga, 0.09% of Cu, 0.1 8% of O, 0.006% of 
C, 0.002% of N and balance of Fe. 

[0148] Following the same procedure as in Example 12, a rare earth permanent magnet having a chemical compo- 
sition as shown in Table 7 was produced. The chemical composition of the rare earth permanent magnet thus produced 



18 



EP 0 753 867 B1 



was nearly equal to that of Example 12 except for the oxygen content of 0.1 82%. 

[01 49] As shown in Table 8, the rare earth permanent magnet was sufficiently good In both magnetic properties and 
corrosion resistance. r 

5 Table 7 



10 



15 



Chemical Composition of Magnet (weight %) 


No. 


Nd 


Pr 


Dy 


B 


Nb 


Co 


Ga 


Cu 


O 


C 


N 


Fe 


Examples 


12 
13 


23.8 
23.8 


0.42 
0.42 


6.0 
6.0 


1.00 
1.00 




3.0 
3.0 


0.09 
0.09 


0.09 
0.09 


0.094 
0.182 


0.064 
0.065 


0.066 
0.064 


bal. 
bal. 


Comparative Example 


10 


23.8 


0.42 


6.0 


1.00 




3.0 


0.09 


0.09 


0.612 


0.047 


0.064 


bal. 



Table 8 



25 



Production Method 


Magnetic Properties 


Density 


Corrosion 
Resistance 


No. 


Starting Material 


Compacting 


Br(kG) 


iHc (kOe) 


(BH)max 
(MGOe) 


(g/cc) 




Examples 


12 


blend 


wet 


12.6 


26.2 


37.7 


7.60 


No change after 
2500 hrs. 


13 


single 


wet 


12.4 


25.0 


36.5 


7.57 


No change after 
; 2500 hrs. 


Comparative Example 


10 


blend 


dry 


12.1 


24.1 


34.9 


7.47 


No change after 
i 2500 hrs. 



35 Claims 

1 . A rare earth permanent magnet consisting essentially, by weight, of 27.0-31 .0 % of at least one rare earth element 
including Y, 0.5-2.0 % of B, 0.02-0.1 5 % of N, 0.25 % or less of 0,0.15 % or less of C, at least one optional element 
selected from the group consisting of 0.1-2.0 % of Nb, 0.02-2.0 % of Al, 0.3-5.0 % of Co, 0.01-0.5 % of Ga and 

4 0 0.01-1 .0 % of Cu, and a balance of Fe. 

2. The rare earth permanent magnet according to claim 1 .having a coercive force (iHc) of 1 034.8 kA/m (13.0 kOe) 
or more. 

45 3. The rare earth permanent magnet according to claim 1 or 2, having a main phase in which the total area of crystal 
grains having a grain size of 1 0 or less is 80 % or more and the total area of crystal grains having a grain size 
of 13 u.m or more is 10 % or less, each area percentage being based on the total area of crystal grains in said 
main phase. 

50 4. A method for producing a rare earth permanent magnet according to anyone of claims 1 -3, comprising the steps of: 

finely pulverizing in a mill a coarse powder of an R-Fe-B-based alloy having a composition corresponding to 
the composition recited in claim 1 , except for the N, O and C contents, in nitrogen gas atmosphere containing 
substantially 0 % of oxygen or in argon gas atmosphere containing substantially 0 % of oxygen and 0.0001 -0.1 
55 volume-% of nitrogen under a pressure of 49-98.1 N/cm 2 (5-10 kgf/cm 2 ) while feeding said coarse powder 

into said mill at a feeding rate of 3-20 kg/h; 

recovering the fine powder into a solvent in nitrogen gas atmosphere or argon gas atmosphere in the form of 
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a slurry; 

wet-compacting said slurry to form a green body while applying magnetic field; 
heat-treating said green body in a vacuum furnape to remove said solvent therefrom; and 
sintering said heat-treated green body in said vacuum furnace. 

5 

5. The method according to claim 4, wherein said coarse powder is obtained by 

strip-casting a melt of said R-Fe-B-based alloy into an alloy strip having 1 mm thickness or less; 
heat-treating said alloy strip at 800-1100 °C in an inert gas atmosphere or in vacuo; and 
10 coarsely pulverizing said heat-treated alloy strip. 

6. A method for producing a rare earth permanent magnet according to anyone of claims 1 -3, comprising the steps of: 

strip-casting a melt of an R-Fe-B-based alloy having a composition corresponding to the composition recited 
15 jn claim 1 , except for the N, 0 and C contents, into an alloy strip having 1 mm thickness or less; 

heat-treating said alloy strip at 800-11 00°C in an inert gas atmosphere or in vacuo; 

pulverizing said heat-treated alloy strip into a coarse powder; 

pulverizing said coarse powder into a fine powder in a nitrogen containing atmosphere, 

recovering the fine powder into a solvent in an inert gas atmosphere in the form of a slurry; 
20 wet-compacting said slurry to form a green body while applying magnetic field; 

heat-treating said green body in a vacuum furnace to remove said solvent therefrom; and 

sintering said heat-treated green body in said vacuum furnace. 

7. The method according to claim 6, wherein said coarse powder is finery pulverized in nitrogen gas atmosphere 
25 containing substantially 0 % of oxygen or in argon gas atmosphere containing substantially 0 % of oxygen and 

0.0001-0.1 volume-% of nitrogen under a pressure of 49-98.1 N/cm 2 (5-10 kgf/cm 2 ) while feeding said coarse 
powder into said mill at a feeding rate of 3-20 kg/h. 

8. A method for producing a rare earth permanent magnet according to anyone of claims 1 -3, comprising the steps of: 

30 

mixing a coarse powder of a first alloy mainly composed of R 2 Fe 14 B phase, wherein R is at least one rare 
earth element including yttrium, and a coarse powder of a second alloy in a weight ratio of 70-99:1-30, said 
first alloy having a chemical composition, by weight, of 26.7-31 % of R, 0.9-2.0 % of B, 0. 1 -3.0 % of M wherein 
M is at least one of Ga, Al and Cu and balance of Fe, and said second alloy having a chemical composition, 
35 by weight, of 35-70 % of R, 5-50 % of Co, 0.1-3.0 % of M and balance of Fe; 

pulverizing the mixture of said coarse powders into a fine powder in a nitrogen containing atmosphere; 
recovering the fine powder into a solvent in an inert gas atmosphere in the form of a slurry; 
wet-compacting said slurry to form a green body while applying magnetic field; and 
sintering said heat-treated green body in said vacuum furnace. 

40 

9. The method according to claim 8, wherein said coarse powder of first alloy is obtained by 

strip-casting a melt of said first alloy into an alloy strip having 1 mm thickness or less; 
heat-treating said alloy strip at 800-1100 °C in an inert gas atmosphere or in vacuo; and 
45 coarsely pulverizing said heat-treated alloy strip. 

10. The method according to any one of claims 5 to 9, wherein said coarse pulverization of said heat-treated alloy 
strips is carried out by spontaneously degrading said alloy by hydrogen occlusion and subsequently dehydrogen- 
ating said degraded alloy. 

50 

1 1 . The method according to any one of claims 4 to 1 0, wherein said slurry is wet-compacted by compression molding. 

12. The method according to any one of claims 4 to 11 , wherein said solvent for said slurry is selected from the group 
consisting of mineral oils, synthetic oils and vegetable oils, each having a flash point of 70 °C or higher and less 

55 than 200 °C under 10 5 Pa (1 atm), a fractionating point of 400 °C or less and a kinematic viscosity of 10 mm 2 /s 
(10 cSt) or less at ordinary temperature. 
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Patentansprllche 

1 . Dauermagnet mit Seltenerdmetallen, der im wesentlichen, auf das Gewicht bezogen, aus 27,0 - 31 ,0 % zumindest 
eines Seltenerdmetalls einschlieBlich Y besteht, aus 0,5 - 2,0 % von B, aus 0,02 - 0,15 % von N, aus 0,25 % oder 

5 weniger von O, aus 0,1 5 % Oder weniger von C, aus zumindest einem wahlbaren Element, das aus der Gruppe 

aus 0,1 - 2,0 % von NB, 0,02 - 2,0 % von Al, 0,3 - 5,0 % von Co, 0,01 - 0,5 % von Ga und 0,01 - 1 ,0 % von Cu 
gewahlt ist, und dem Rest von Fe. 

2. Dauermagnet nach Anspruch 1 mit einer Koerzitivkraft (iHc) von 1 034,8 kA/m (1 3,0 kOe) oder mehr. 

10 

3. Dauermagnet nach Anspruch 1 oder 2 mit einer Hauptphase, in der die Gesamtflache der Kristallkorner einer 
KorngroBe von 10 u.m oder weniger 80 % oder mehr ist und die Gesamtflache der Kristallkorner einer KorngroBe 
von 1 3 urn oder mehr 1 0 % oder weniger ist, wobei die Flachenprozentsatze auf die Gesamtflache der Kristallkorner 
in der Hauptphase bezogen sind. 

15 

4. Verfahren zur Herstellung eines Dauermagneten mit Seltenerdmetallen nach einem der Ansprtiche 1 bis 3, mit 
den Schritten: 

in einer Muhle feines Pulverisieren eines groben Pulvers einer auf R-Fe-B basierenden Legierung mit einer 
20 Zusammensetzung entsprechend der Zusammensetzung nach Anspruch 1 , abgesehen jedoch von den Ge- 

halten an N, O und C, in Stickstoffgasatmosphare mit im wesentlichen 0 % Sauerstoff oder in Argongasatmo- 
sphare mit im wesentlichen 0 % Sauerstoff und 0,0001 - 0,1 Vol.-% von Stickstoff bei einem Druck von 49 - 
98,1 N/cm 2 (5-10 kgf/cm 2 ),' wan rend das grobe Pulver der Muhle mit einer Zufiihrrate von 3 - 20 kg/h zugefuhrt 
wird; Auffangen des feinen Pulvers in einem Losungsmittel in Stickstoffgasatmosphare oder Argongasatmo- 
25 sphare als Aufschlammung; 

nasses Verdichten der Aufschlammung zur Bildung eines Griinkorpers, wobei ein Magnetfeld angelegt wird; 
Warmebehandeln des Griinkorpers in einem Vakuumofen zur Entfernung des Losungsmittels; und 
Sintem des warmebehandelten Griinkorpers im Vakuumofen. 

30 5. Verfahren nach Anspruch 4, bei dem das grobe Pulver gewonnen wird durch 

StranggieBen einer Schmelze der auf R-Fe-B basierenden Legierung in einen Legierungsstrang einer Dicke von 
1 mm oder weniger; 

Warmebehandeln des Legierungsstrangs bei 800 - 1100 °C in einer Inertgasatmosphare oder im Vakuum; und 
grobes Pulverisieren des warmebehandelten Legierungsstreifens. 

35 

6. Verfahren zur Herstellung eines Dauermagneten mit Seltenerdmetallen nach einem der Ansprtiche 1 bis 3, mit 
den Schritten: 

StranggieBen einer Schmelze einer R-Fe-B-basierenden Legierung mit einer Zusammensetzung entspre- 
40 chend der in Anspruch 1 aufgefuhrten Zusammensetzung, jedoch ohne die N-, O- und C-Bestandteile, in einen 

Legierungsstreifen einer Dicke von 1 mm oder weniger; 

Warmebehandeln des Legierungsstreifens bei 800 - 1100 °C in Inertgasatmosphare oder im Vakuum; 
Pulverisieren des warmebehandelten Legierungsstreifens in ein grobes Pulver; 
Pulverisieren des groben Pulvers in ein feines Pulver in einer stickstoff haltigen Atmosphare, 
45 Auffangen des feinen Pulvers in einem Losungsmittel in Inertgasatmosphare in Form einer Aufschlammung; 

nasses Verdichten der Aufschlammung zur Bildung eines Griinkorpers, wobei ein Magnetfeld angelegt wird; 
Warmebehandeln des Griinkorpers im Vakuumofen zur Entfernung des Losungsmittels davon; und 
Sintem des warmebehandelten Griinkorpers im Vakuumofen. 

50 7. Verfahren nach Anspruch 6, bei dem das grobe Pulver in Stickstoffgasatmosphare mit im wesentlichen 0 % Sau- 
erstoff Oder in Argongasatmosphare mit im wesentlichen 0 % Sauerstoff und 0,0001 - 0,1 Vol.-% Stickstoff unter 
einem Druck von 49 - 98,1 N/cm 2 (5-10 kgf/cm 2 ) fein pulverisiert wird, wobei das grobe Pulver der Muhle mit 
einer Zufiihrrate von 3 - 20 kg/h zugefuhrt wird. 

55 8. Verfahren zur Herstellung eines Dauermagneten mit Seltenerdmetallen nach einem der Ansprtiche 1 bis 3, mit 
den Schritten: 

Mischen eines groben Pulvers einer ersten Legierung hauptsachlich bestehend aus einer R 2 Fe 14 B-Phase, 
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wobei R zumindest ein Seltenerdelement einschlieBlich Yttrium ist, und eines groben Pulvers einer zwelten 
Legierung in einem Gewichtsverhaltnis von 70*99:1-30, wobei die erste Legierung eine chemische Zusam- 
mensetzung bezogen auf das Gewicht hat von 26,7 - 31 %.von R, 0,9 - 2,0 % von B, 0,1 - 3,0 % von M, wobei 
M zumindest ein Element von Ga, Al und Cu ist, und der Rest Eisen, und wobei die zweite Legierung eine 
5 chemische Zusammensetzung bezogen auf das Gewicht von 35 - 70 % von R hat, 5 - 50 % von Co, 0,1 - 3,0 

% von M und der Rest Eisen; Pulverisieren des Gemisches der groben Pulver in ein feines Pulver in einer 
stickstoffhaitigen Atmosphere; 

Auffangen des feinen Pulvers in einem Losungsmittel in Inertgasatmosphare in Form einer Aufschlammung; 
nasses Verdichten der Aufschlammung zur Bildung eines Grunkorpers unter Anlegung eines Magnetfelds; und 
10 Sintern des warmebehandelten Grunkorpers im Vakuumofen. 

9. Verfahren nach Anspruch 8, bei dem das grobe Pulver der ersten Legierung gewonnen wird durch: 

StranggieBen einer Schmelze der ersten Legierung in einen Legierungsstrang einer Dicke von 1 mm oder 
15 weniger; 

Warmebehandeln des Legierungsstrangs bei 800 - 1100 °C in einer Inertgasatmosphare oder im Vakuum; und 
grobes Pulverisieren des warmebehandelten Legierungsstreifens. 

10. Verfahren nach einem der Anspruche 5 bis 9, bei dem das grobe Pulverisieren des warmebehandelten Legie- 
20 rungsstreifens durch spontanen Abbau der Legierung durch Wasserstoffokklusion und nachfolgendem Wasser- 

stoffentzug fur die abgebaute Legierung vorgenommen wird. 

11. Verfahren nach einem der Anspruche 4 bis 10, bei dem die Aufschlammung durch DruckgieBen naB komprimiert 
wird. 

25 

12. Verfahren nach einem der Anspruche 4 bis 1 1 , bei dem das Losu ngsmittel fur die Aufschlammung aus einer Gruppe 
ausgewahlt wird besteht aus Mineralolen, synthetischen Olen und pflanzlichen Olen, die jeweils einen Flammpunkt 
von 70 °C oder hoher und weniger als 200 °C bei 10 5 Pa (1 atm) haben, einen Fraktionierungspunkt von 400 °C 
oder weniger und eine kinematische Viskositat von 1 0 mm 2 /s (1 0 cSt) oder weniger bei herkommlichen Tempera* 

30 turen. 



Revendications 

35 1. (Jn aimant permanent a base de terre rare constitud essentiellement, en poids, de 27,0-31,0 % d'au moins un 
6l6ment de terre rare comprenant Y, 0,5-2,0 % % de B, 0,02-0,15 % de N, 0,25 % ou moins de 0, 0,15 % ou moins 
de C, au moins un element optionnel choisi dans le groupe consistant en 0,1-2,0 % de Nb, 0,02-2,0 % de Al, 
0,3-5,0 % de Co, 0,01 -0,5 % de Ga et 0,01 -1 ,0 % de CU, et le complement de Fe. 

40 2. L'aimant permanent a base de terre rare selon la revendication 1 , ayant une force coercitive (iHc) de 1 034,8 kA/ 
m (13,0 kOe) ou plus. 

3. L'aimant permanent a base de terre rare selon la revendication 1 ou 2, ayant une phase principale dans laquelle 
I'aire totale de grains de cristal ayant une grosseur de grain de 1 0 p,m ou moins est de 80 % ou plus, et I'aire totale 

45 de grains de cristal ayant une grosseur de grain de 13 urn ou plus est de 10 % ou moins, chaque pourcentage 

d'aire etant base sur I'aire totale de grains de cristal dans ladite phase principale. 

4. Un proc6d6 de production d'un aimant permanent a base de terre rare selon Tune quelconque des revendications 
1 a 3, comprenant les 6tapes suivantes : 

50 

pulveriserfinement dans un broyeur une poudre grossiere d'un alliage a base de R-Fe-B ayant une composition 
correspondant a la composition indiquee dans la revendication 1, sauf pour les teneurs en N, 0 et C, dans 
une atmosphere d'azote gazeux contenant pratiquement 0 % d'oxygene, ou dans une atmosphere d'argon 
gazeux contenant pratiquement 0 % d'oxygene et 0,0001-0,1 % % en volume d'azote, sous une pression de 
55 49-98,1 N/cm 2 (5-10 kgf/cm 2 ), en amenant ladite poudre grossiere dans ledit broyeur a raison de 3-20 kg/h ; 

recup6rer la poudre fine dans un solvant dans une atmosphere d'azote gazeux ou d'argon gazeux, sous la 
forme d'une pate ; 

effectuer un compactage humide de ladite pate pour former un comprime cru tout en appliquant un champ 
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magnetique ; 

traiter a chaud dans un four a vide ledit comprime cru pour en extraire ledit solvent ; et 
fritter ledit comprime cru traite a chaud dans leditfour a vide. 

5 5. Le procede selon la revendication 4, dans lequel ladite poudre grossiere est obtenue en : 

coulant une charge dudit alliage a base de R-Fe-B en une bande d'alliage ayant une epaisseur de 1 mm ou 
moins ; 

traitant a chaud ladite bande d'alliage a 800-1 100° C sous atmosphere de gaz inerte ou sous vide ; et 
10 pulverisant grossierement ladite bande d'alliage traitee a chaud. 

6. Un procede de production d'un aimant permanent a base de terre rare selon I'une quelconque des revendications 
1 a 3, comprenant les etapes suivantes : 

15 couler une charge d'un alliage a base de R-Fe-B ayant une composition correspondant a la composition in- 

diquee dans la revendication 1 , sauf pour les teneurs en N, 0 et C. en une bande d'alliage ayant une epaisseur 
de 1 mm ou moins ; 

traiter a chaud ladite bande d'alliage a 800-1 100° C sous atmosphere de gaz inerte ou sous vide ; 
pulveriser ladite bande d'alliage traitee a chaud en une poudre grossiere ; 
20 pulveriser ladite poudre grossiere en une poudre fine dans une atmosphere contenant de I'azote ; 

recuperer la poudre fine dans un soivant dans une atmosphere de gaz inerte, sous la forme d'une pate ; 
effectuer un compactage humide de ladite p&te pour former un comprime cru tout en appliquant un champ 
magnetique ; 

traiter a chaud dans un four a vide ledit comprime cru pour en extraire ledit soivant ; et 
25 fritter ledit comprime cru traite a chaud dans ledit four a vide. 

7. Le procede selon la revendication 6, dans lequel ladite poudre grossiere est pulverisee finement dans une atmos- 
phere d'azote gazeux content pratiquement 0 % d'oxygene ou dans une atmosphere d'argon gazeux contenant 
pratiquement 0 % d'oxygene et 0,0001-0,1 % en volume d'azote, sous une pression de 49-98,1 N/cm 2 (5-10 kg/ 

30 cm 2 ), tout en amenant ladite poudre grossiere dans ledit broyeur a raison de 3-20 kg/h. 

8. Un proced6 de production d'un aimant permanent a base de terre rare selon Tune quelconque des revendications 
1 a 3, comprenant les etapes suivantes : 

35 melanger une poudre grossiere d'un premier alliage compose principalement de phase R 2 FE 14 B, dans lequel 

R est au moins un element de terre rare comprenant de I'yttrium, et une poudre grossiere d'un second alliage 
selon un rapport en poids de 70-99:1-30, ledit premier alliage ayant une composition chimique, en poids, de 
26,7-31 % de R, 0,9-2,0 % de B, 0,1-3,0 % de M ou M est au moins I'un de Ga, Al et Cu, et le complement 
de Fe, et ledit second alliage ayant une composition chimique, en poids, de 35-70 % de R, 5-50 % de Co, 

40 0,1-3,0 % de M et le complement de Fe ; 

pulveriser le melange desditespoudres grossieres en une poudre fine dans une atmosphere contenant de 
I'azote ; 

recuperer la poudre fine dans un soivant dans une atmosphere de gaz inerte, sous la forme d'une pate ; 
effectuer un compactage humide de ladite pate pour former un comprime cru tout en appliquant un champ 
45 magnetique ; et 

fritter ledit comprime cru traite a chaud dans ledit four a vide. 

9. Le proc6d6 selon la revendication 8, dans lequel ladite poudre grossiere du premier alliage est obtenue en : 

so coulant une charge dudit premier alliage en une bande d'alliage ayant une epaisseur de 1 mm ou moins ; 

traitant a chaud ladite bande d'alliage a 800-1 100° C sous atmosph&re de gaz inerte ou sous vide ; et 
pulverisant grossierement ladite bande d'alliage traitee a chaud. 

10. Le procede selon I'une quelconque des revendications 5 a 9, dans lequel ladite pulverisation grossiere desdites 
55 bandes d'alliage traitees a chaud est effectuee en degradant spontanement ledit alliage par occlusion d'hydrogene 

et en de-hydrogenant ensuite ledit alliage degrade. 

11. Le procede selon I'une quelconque des revendications 4 a 10, dans lequel il est effectue un compactage humide 
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de ladite pate par moulage par compression. 

12. Le proc6de seion Tune quelconque des revendtcatiorys 1 a 11 , clans lequel ledit solvant pour ladite pate est choisi 
dans le groupe des huiles minerales, des huiles synthetiques et des huiles vegelales, chacune ayant un point 
5 d'inflammation de 70° C ou plus, et inf6rieur a 200° C sous 1 0 5 Pa (1 atm), un point de fraction nement de 400° C 

ou moins, et une viscosite cinSmatique de 10 mm 2 /s (10 cSt) ou moins a temperature ordinaire. 
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FIG. 4 
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